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c-Al2O3Abstract Bimetallic catalysts, containing 5 wt% Ni + 5 wt% Co supported on c-Al2O3 combined
with different amounts of Sr promoter ranging from 0 to 1 wt%, for dry reforming reaction were
prepared by the impregnation method. The dry reforming reaction was carried out at atmospheric
pressure using CO2/CH4/N2 feed ratio of 17/17/2, F/W= 60 mL/min gcat and reaction temperature
range of 500–700 C. The performance of the developed catalyst was evaluated by estimating the CH4
and CO2 conversions, and by performing a long run stability test. The fresh and spent catalysts were
characterized by BET, TGA, TPD, TPR, and TPO. The bimetallic catalysts provided higher activity
than the monometallic-catalysts. When the bimetallic was promoted with Sr, the activity decreased
slightly however, the stability enhanced. The best stability, estimated by the deactivation factor,
and less carbon deposition, measured by TGA, were obtained when 5Ni5CoSr0.75 catalyst was used.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Methane (CH4) is the main component of natural gas which
has a signiﬁcant margin in reserves, for long term future de-
mands, as compared to oil (Baker and Lokhandwala, 2008).
Since most of the natural gas consumption sites are located
fairly far from its production sources, the storage and trans-portation of this gas is difﬁcult, uneconomical and even dan-
gerous. Therefore, the transformation of natural gas into
other high valued products has attracted much attention from
the scientiﬁc community, principally from researchers in the
ﬁeld of heterogeneous catalysis (Al-Fatesh, 2010).
Catalytic reforming of CH4 with CO2 (CRM) has drawn
considerable scientiﬁc attention in the recent years, as it offers
the possibility of simultaneous utilization of two inexpensive
and abundant carbon containing sources. Since the CRM mit-
igates greenhouse gases (CH4 and CO2), the reaction has sig-
niﬁcant environmental implications. Moreover, the process
yields synthesis gas with low ratio of hydrogen (H2) to carbon
monoxide (CO) (1:1), which can preferentially ﬁnd its utiliza-
tion in the Fischer–Tropsch synthesis network for the produc-
tion of liquid hydrocarbons.
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years for the process of CRM. But excessive deposition of car-
bon deactivates Ni catalysts. For this purpose, many investiga-
tors (Hu et al., 2002, Bradford et al., 1999) concentrated their
studies on the suppression of carbon formation. Although a lot
of attempts have been made in this research area, yet carbon
formation prevention is still a great challenge for Ni based cat-
alyst and stops CRM to be used commercially. On the other
hand, CRM has great potential to convert for example bio-
mass and landﬁll gases into ‘‘Green Power’’ (Vasileiadis
et al., 2004).
The main CRM reaction and the associated side reactions
are as follows:
CO2 þ CH4 $ 2COþ 2H2 ð1Þ
CO2 þH2 $ COþH2O ð2Þ
2CO $ Cþ CO2 ð3Þ
CH4 ! Cþ 2H2 ð4Þ
Coke deposition prevention has been extensively studied for
CRM and addition of cobalt in Ni-based catalyst has been re-
ported to decrease the amount of coke deposition over catalyst
surface (Choudhary et al., 1998). The addition of Co leads to
the strong adsorption capacity of CO2 which, in turn, favors
the elimination of carbon. There are reports that the catalyst
activity and stability can be improved through formation of
a homogeneous alloy between Co and Ni (Takanabe et al.,
2005). Xiaohong et al., 2010; Zhang et al., 2007 and Koh
et al., 2007 reported that bimetallic catalysts performed better
than the corresponding monometallic catalysts. Similar results
were also found for Ni/ZrO2–Al2O3 catalyst, which showed
higher activity and stability than Ni/ZrO2 for CRM reaction
(Li et al., 2005). Zhang et al. (2008) showed that the change
of the metal dispersion and metal particle size facilitated the
improved activity and coke suppression of Ni–Co bimetallic
catalysts for CRM.
Jing et al. (2004) suggested that improved long term cata-
lytic activity and stability of 10 wt% Sr loading in 5%Ni/
SrO–SiO2 catalyst were due to increased Ni dispersion, me-
tal-support interaction and CO2 adsorption.
Sutthiumporn et al. (2011) studied the promotional effect of
alkaline earth elements on Ni–La2O3 catalysts and inferred
that addition of Sr resulted in enhanced CH4 and CO2 conver-
sions and reduced carbon deposition.
San Jose´-Alonso et al. (2011) reported that Sr addition to
Co/Al2O3 catalyst showed improved resistance to coke deposi-
tion while a slight decrease in methane conversion was also
observed.
Yu et al. (2011) investigated the additive effects of alkaline-
earth metals (Mg, Ca, Ba, and Sr) on the performance of Co/c-
Al2O3 catalyst in partial oxidation of methane. They found
that the presence of alkaline-earth metals increased the disper-
sion of Co3O4 in catalyst and suppressed the coke deposition.
Ryu et al. (2008)studied the role of Ce, Ba and Sr promot-
ers in Pd/Al2O3. They found that the presence of a very small
quantity of Sr could enhance the stability of the support and
avoid the sintering of palladium particles.
Ma et al. (2006) have studied the effect of basic promoters
(Na, Sr, La, and Ce) on monolithic Ni/c-Al2O3 catalyst for
partial oxidation of methane. They found that the additionof a small amount of basic promoters has a signiﬁcant effect
on the activity and selectivity of the catalyst.
This work focuses on the performance of Sr promoted Ni-
Co bimetallic catalyst, with an attempt to minimize carbon for-
mation for CO2 reforming of CH4.
2. Experimental
2.1. Catalyst preparation
The precursors of Co and Ni i.e., Co(NO3)2.6H2O and Ni(-
NO3)2.6H2O respectively were dissolved together into deion-
ized water to form a mixed solution, then c-Al2O3 support
was impregnated to an already prepared solution at 80 C
for 5 h. After evaporating excess water, the resultant impreg-
nated solid was dried at 120 C for 20 h under static air. Final-
ly the catalyst obtained was calcined at 600 C for 4 h in air to
form the Ni–Co catalyst. The catalysts were designed to have a
total of 10 wt% of active metal i.e. Co–Ni and Sr as promoter
with different loadings. For simplicity the prepared catalysts
are abbreviated as 10Co, 10Ni, 5Ni5Co and 5Ni5CoSrx
(x= 0–1 wt%), where 5 and 10 are denotes 5 and 10 wt%
respectively.
2.2. Catalyst characterization
The Brunauer, Emmett and Teller (BET) surface area was mea-
sured by N2 adsorption at the temperature of 196 C using
Micromeritics ASAP 2000. Approximately 0.3 g of catalyst
was used for each analysis. Before analysis, the sample was evac-
uated at 300 C for 3 h to remove the moisture and other ad-
sorbed gases. Then the sample was evacuated at 20 mmHg
(2.67 Pa) before N2 adsorption. The surface area was calculated
using the BETmethod. The reducibility of catalysts was studied
using temperature programed reduction (TPR) inMicromeritics
Auto Chem II 2920 apparatus. About 0.3 g of sample was
heated from room temperature to 1000 C in the ﬂow of reduc-
ing gas (10% H2 balanced with Ar) at a ﬂow rate of 25 mL/min
and a temperature ramp rate of 5 C/min. The metal dispersion
and metal surface density were determined by CO pulse-chemi-
sorption using Micrometrics Auto Chem II 2920. The sample
was ﬁrst reduced using hydrogen at 850 C for 4 h in the reactor.
The reduced sample was transferred to the sample holder of the
instrument under protection of an inert gas (He). Three steps
were carried out before CO chemisorption: (1) degassing the
sample for 30 min at 120 C; (2) reducing the sample again at
450 C for 30 min using H2; (3) evacuating the sample for an-
other 30 min at 120 C. Then, the CO pulse-chemisorption
was performed at 35 C.
The CO2-TPD measurements were performed on fresh cat-
alysts. 70 mg of sample was ﬁrst held at 200 C for 1 h under
ﬂowing He to remove the physically adsorbed and/or weakly
bound species. CO2 adsorption was carried out at 50 C for
30 min by passing CO2/He mixed gas (volume ratio, 10/90)
at a ﬂow rate of 30 mL/min. The temperature programed
desorption (TPD) signal was recorded by (TCD) with a linear
temperature increase of up to 800 C at a rate of 10 C/min.
The amount of carbon deposition on the spent catalysts was
analyzed by EXSTAR SII TG/DTA 7300. 20 mg of the spent
catalyst sample was heated in a platinum sample holder from
room temperature to 800 C in air at a ramp rate of 15 C/min.
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Typically, the reaction was carried out over 0.6 g of catalyst at
700 C in a quartz ﬁxed bed reactor with an inner diameter of
9 mm at atmospheric pressure. Prior to the reforming reaction,
the catalyst was reduced in situ in a 40 mL/min H2 ﬂow at
650 C for 2 h. CH4 (99.99%), CO2 (99.99%) and N2
(99.99%)were introduced into the reactor by mass ﬂow con-
trollers with a CH4/CO2/N2 molar ratio of 17:17:2. The total
gas ﬂow rate was 36 mL/min. The efﬂuents were analyzed
using an online gas chromatography (Varian Star CX 3400)
equipped with a thermal conductivity detector. The activities
of the prepared catalysts were evaluated for CRM reaction
in the temperature range 500–700 C, while stability was tested
only at 700 C for 7.5 h. The conversions of CH4 and CO2, H2/
CO ratio; carbon deposition and deactivation factor (DF) were
determined in order to compare the promoted and non-pro-
moted catalysts.
Conversions of CH4 and CO2 in the reforming reaction
were calculated as follows:
XCH4 ¼
½CH4in  ½CH4out
½CH4in
 100
XCO2 ¼
½CO2in  ½CO2out
½CO2in
 100
where [CH4]in and [CO2]in are the concentrations of the reac-
tants in the introduced feed and [CH4]out and [CO2]out are
the concentrations of the same compounds in the efﬂuents.
All the catalytic activity tests were repeated three times to as-
sess the percentage error in the calculations and % error re-
mained <1.4%.
3. Results and discussion
3.1. Catalytic activity and stability
The catalytic activity of the mono- and bi-metallic catalysts is
listed in Table 1. As expected, the catalytic activity is strongly
dependent on the reaction temperature (endothermic reaction).
The CH4 and CO2 conversions increased with increase in reac-
tion temperature for all investigated catalysts. It is quite appar-
ent that at all operating reaction temperatures, bimetallic Ni–
Co/Al2O3 catalyst gives higher CH4 and CO2 conversions com-
pared with monometallic i.e., Ni/Al2O3 and Co/Al2O3 cata-
lysts. The higher activity of bimetallic catalyst might be due
to the synergic effect between Ni and Co which promotes the
CRM reaction. For instance, CH4 conversions at 500 C areTable 1 Catalytic activity of the mono-and bi-metallic catalysts ov
Catalyst SBET
a (m2/g) Conversion%
500 C
CH4 CO2
10 wt% Co 165.6 22.5 24.5
10 wt% Ni 189.5 18.2 26.7
5 wt% Ni + 5 wt%Co 181.7 23.8 27.8
a Fresh catalyst.
b Spent catalyst after 7.5 h reaction at 700 C.22.5, 18.2 and 23.8 for Co, Ni and Ni–Co catalysts
respectively.
The results of catalytic activities of Sr promoted Ni–Co
bimetallic catalyst at different reaction temperatures and with
different amounts of Sr promoter are summarized in Table 2.
From the results it is apparent that the addition of Sr has a
slightly negative effect on the activity of the catalyst. The activ-
ity goes down as the amount of Sr promoter is increased. For
instance, at 500 C reaction temperature the catalyst with
0.25 wt% Sr acquires 21.6% CH4 conversion, while catalyst
with 1 wt% Sr attains 19.8% CH4 conversion at the same reac-
tion temperature. In the case of CO2 conversion same trend is
observed with the addition of Sr loading in the catalyst. Simi-
lar results i.e., the slight decrease in catalytic activity were also
reported in the literature for other alkali or alkaline earth me-
tal promoted catalysts (Rynkowski et al., 2004).
At 500 C reaction temperature the CO2 conversions are
higher than the corresponding CH4 conversions due to occur-
rence of reverse water gas shift (RWGS) reaction
(CO2 + H2 = CO+H2O), while, at 700 C reaction tempera-
ture, the CH4 conversions are higher than that of CO2. In fact
these higher conversions are resulted due to CH4 cracking
reaction (CH4M C+ 2H2). Generally, the higher the differ-
ence between the conversions of CO2 and CH4, lesser is the
carbon deposition over the catalyst surface. In the present
work, the conversions, at 700 C, of both CO2 and CH4 were
higher than 80% and the difference between them was small.
Therefore the formation of carbon may be evident. For this
reason, the study of Time-on-Stream (TOS) at this tempera-
ture is essential for stability. Moreover, for the CRM reaction,
the stability test at 700 C reaction temperature has been fre-
quently reported in the literature (Serrano-Lotina et al.,
2012; Wang et al., 2013 and Frontera et al., 2012). On the basis
of previous research on CRM, 700 C was ﬁxed as the reaction
temperature for estimation of the long-term stability of the
prepared catalysts in this study.
It is observed that based on the CH4 conversions (Fig. 1)
the overall catalytic activity followed the order: Ni–Co > 5N-
i5CoSr0.25 > 5Ni5CoSr0.75 > 5Ni5CoSr0.5 > 10Co > 5Ni5-
CoSr1.0 > 10Ni. The initial and ﬁnal conversions of CH4 and
CO2 changed from 86.1% to 83.4% and 84.5% to 81.7%,
respectively for the non-promoted Ni–Co catalyst and from
81.7% to 78.2% and 83.8% to 80.8%, for monometallic Ni
catalyst. In fact for these catalysts the big drop in conversions
is probably due to carbon deposition over catalyst surface.
Although the CH4 conversion is high for non-promoted Ni–
Co bimetallic catalyst a large volume of carbon deposit
(14.5 wt%) was also observed for it (Table 3). Consequently,
higher CH4 conversion coupled with coking reveals that CH4er support c-Al2O3.
SBET
b (m2/g)
600 C 700 C
CH4 CO2 CH4 CO2
56.7 56.9 84.2 83.7 137.3
50.7 56.3 81.7 83.8 157.8
57.2 58.8 86.1 84.5 152.9
Figure 1 CH4 conversions versus time on stream for 5 wt%Ni-
5 wt%Co/c-Al2O3 catalysts with different Sr contents at 700 C;
F/W= 60 mL/min gcat).
Figure 2 CO2 conversions versus time on stream for 5 wt%Ni-
5 wt%Co/c-Al2O3 catalysts with different Sr contents at 700 C;
F/W= 60 mL/min gcat).
Table 2 Catalytic activity of 5 wt%Ni-5 wt%Co/c-Al2O3 catalysts with x wt% Sr content.
Catalyst Sr (wt%) SBET
a (m2/g) Conversion% SBET
b (m2/g)
500 C 600 C 700 C
CH4 CO2 CH4 CO2 CH4 CO2
0.0 181.7 23.8 27.8 57.2 58.8 86.1 84.5 152.9
0.25 187.6 21.6 27. 7 56.7 57.6 85.8 84.2 159.1
0.50 185.3 21.1 27.4 56.3 57.2 84.7 84.2 155.0
0.75 187.6 20.1 26.5 55.9 57.0 84.9 82.3 159.3
1 188.1 19.8 24.7 55.3 56.4 83.1 81.9 157.1
a Fresh catalyst.
b Spent catalyst after 7.5 h reaction at 700 C; F/W= 60 mL/min gcat).
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formation over Ni–Co catalyst. It can be depicted from Fig. 1
that in comparison to non-promoted bimetallic catalyst all Sr
promoted catalysts not only showed very stable overall behav-
ior with small decrease in CH4 conversion but also a small
amount of coke deposition (Table 3). Better stability and resis-
tance against coking of Sr-promoted catalysts are actually
credited to their higher basicity and better metal support
interaction.Table 3 Deactivation factor and carbon deposition calculated at th
Catalyst % D. F
10 wt% Co 3.44
10 wt% Ni 3.19
5 wt% Ni + 5 wt% Co 3.03
5 wt% Ni + 5 wt% Co+ 0.25 wt% Sr 3.02
5 wt% Ni + 5 wt% Co+ 0. 5 wt% Sr 2.83
5wt% Ni + 5 wt% Co+ 0.75 wt% Sr 2.34
5 wt% Ni + 5 wt% Co+ 1 wt% Sr 2.41
Reaction temperature at 700 C.
D.F = [(Initial CH4 conversion – Final CH4 conversion)/initial CH4 con
a Estimated by TGA after 7.5 h reaction.
b After carbon gasiﬁcation.The results of speciﬁc surface areas for all, promoted and
non-promoted, fresh and spent catalysts are presented in
Tables 1 and 2. It is evident that the surface area of all spent
catalysts is decreased after 7.5 h of reaction. This decrease
may be attributed to thermal sintering of active metal and/or
carbon deposition over catalyst surface as evidenced by TGA
results. Moreover, in order to verify that metal sintering also
took place or not during the reaction, the surface areas ofe end of 7.5 h on TOS.
Carbon a (wt%) SBET
b (m2/g)
14.5 155.1
9.8 178.4
9.4 172.6
9.1 179.5
7.6 179.8
5.8 183.4
6.4 181.9
version] · 100.
Figure 3b XRD patterns for 5 wt%Ni-5 wt%Co/c-Al2O3 spent
catalysts with various Sr contents.
Figure 3a XRD patterns for 5 wt%Ni-5 wt%Co/c-Al2O3 fresh
catalysts with various Sr content.
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and their results are presented in Table 3. From the results it
could be inferred that metal sintering, more or less, took place
as the surface areas of catalysts, after carbon gasiﬁcation, were
not same as that of their respective fresh catalysts. In compar-
ison to monometallic, bimetallic spent catalyst showed smaller
reduction in surface area which assures a better performance
of bimetallic catalyst. It is quite worthy to note that the Sr pro-
moted spent catalysts showed a small decrease in surface area
as compared to non-promoted catalyst, which indicates that Sr
promoter has a signiﬁcant effect on the catalytic behavior of
catalyst.
The deactivation factor (DF), in terms of methane conver-
sion, and carbon deposition estimated after 7.5 h of reaction at
700 C for mono and bimetallic catalysts are summarized in
Table 3. It is noticeable that DF for CH4 conversion and car-
bon deposition over the Ni-Co/c-Al2O3 is less than the DF and
carbon formation over Ni/c-Al2O3 and Co/c-Al2O3. On the
other hand when bimetallic catalyst was promoted with Sr,
the DF and carbon formation initially decreased as the
amount of Sr was increased from 0.25 to 0.75 wt%. However,
further increase of Sr (1 wt%) caused the DF and carbon for-
mation to increase. Therefore the optimum amount of Sr in
this study was 0.75 wt%. In the light of the results being seen
in Fig. 2 and Table 2, it is apparent that the presence of a small
amount of Sr in the Co–Ni system brings about a signiﬁcant
change in both stability and carbon formation for bimetallic
catalysts.
3.2. X-ray diffraction (XRD)
The XRD patterns of the fresh and spent bimetallic catalysts
are presented in Figs. 3a and 3b respectively. For fresh cata-
lysts (Fig. 3a) the characteristic diffraction peaks located at
2h of 19, 45 and 65.3 can be ascribed to the NiAl2O4
(JCPDS) and/or CoAl2O4 (JCPDS) spinel phases, since the
formation of these spinel-like phases is favored during the
course of calcination. Foo et al. reported that during the calci-
nation step decomposition of metal nitrates into their respec-Figure 4 CO2-TPD patterns for 5 wt%Ni-5 wt%Co/c-Al2O3
fresh catalysts with various Sr contents.
Figure 5 TPR patterns for 5 wt%Ni-5 wt%Co/c-Al2O3 fresh
catalysts with various Sr contents.
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catalyst the decomposition occurs as follows (Foo et al., 2011):
NiðNO3Þ2 ! NiOþ 2NO2 þ 0:5O2ðDH298
¼ 247 kJ mol1Þ ð1Þ
CoðNO3Þ2 ! CoOþ 2NO2 þ 0:5O2ðDH298
¼ 256kJ mol1Þ ð2Þ
Additionally the further decomposition of metal oxides to
other spinel species and metal aluminates occurred as follows:
3CoOþ 0:5O2 ! Co3O4ðDH298 ¼ 100kJ mol1Þ ð3Þ
NiOþ 2CoOþ 0:5O2 ! NiCo2O4 ð4Þ
NiO or CoOþAl2O3 ! NiAl2O4 or CoAl2O4 ð5Þ
For all promoted and non-promoted fresh samples the detection
of a small diffraction peak located at 2h= 31.2 is assigned to
NiCo2O4 spinel phases (JCPDS: 00-002-1074). On the other
hand the following diffraction peaks detected at 2h= 37.6,
45.7 and 66.7 are attributed to c-Al2O3 (JCPDS: 00-029-
0063), while the diffraction peaks appeared at 2h= 37.2,
55.6, 59.3 and 65.2 correspond to NiO and/or Co3O4 phases
(JCPDS: 00-044-1159/JCPDS: 00-042-1467). However, due to
overlapping of the characteristic peaks of these spinel species
the exact phase attribution becomes complicated with these
XRD results. In comparison to fresh samples the following dif-
fraction peaks detected at 2h= 43.8, 44.5, 52 and 75.9 in
case of spent catalysts (Fig. 3b) correspond to metallic Ni
(JCPDS: 00-004-0850) and/orCo (JCSPD: 00-015-0806) phases,
while an additional peak located at 2h= 26 is assigned to
carbonaceous species. Moreover the absence of carbon peak in
5Ni5CoSr0.75 spent catalyst is conﬁrming its high resistance
toward carbon formation. Notably, no diffraction peak of Sr
is recorded in XRD patterns, for both fresh and used catalysts,
which is probably due to the very high dispersion of it through-
out the catalyst and/or incorporation of small Sr loading.
3.3. Temperature programed desorption (CO2-TPD)
To estimate the basic strengths of Sr promoted Ni–Co bimetal-
lic catalysts the temperature programed desorption experi-
ments are performed by using CO2 as an adsorption gas.
Fig. 4 shows the CO2-TPD patterns of Sr-promoted Ni–Co
bimetallic catalysts with various Sr contents. The catalyst with-
out Sr promoter showed least capacity of CO2 adsorption with
two desorption peaks centered at 100 and 295 C respectively.
Both these peaks are assigned to weaker and medium strength
basic sites respectively. Although, in comparison to non-
promoted catalysts, all the Sr promoted catalysts showed
two similar peaks, roundabout at same temperatures, but area
under the peaks were bigger for Sr promoted catalyst than
non-promoted catalyst. Moreover as the Sr loading increases,Table 4 Estimation of basicity for 5 wt%Ni-5 wt%Co/c-
Al2O3 catalysts with x wt% Sr content.
Sr (wt%) 0.00 0.25 0.50 0.75 1.00
Basic sites (lmol/g) 191.34 200.52 213.47 215.58 224.32the intensity of TPD peaks becomes higher which indicates
that CO2 adsorption capacity is increased. The higher adsorp-
tion of CO2 which is an acidic gas over the Sr promoted
catalysts surface conﬁrms that these catalysts are more basic
in nature. It is well known that the basic catalysts could im-
prove the adsorption of CO2 during the dry reforming reaction
which supplies the surface oxygen to prevent the coke deposi-
tion. However, it is tough to estimate the catalytic activity and
coke resistance by the difference of basic strength because the
catalytic performance also depends on several other factors
including the Ni metal size, dispersion and reduction degree
(Koo et al., 2009). The quantitative results of basicity (basic
strength), for Sr promoted and non-promoted bimetallic cata-
lysts, are presented in Table 4. It is apparent from the results
that Sr promoted catalysts have more basicity than non-pro-
moted bimetallic catalyst.
3.4. Temperature programed reduction (H2-TPR)
For elucidation of the effect of the Sr content on the reduction
behavior of Ni–Co bimetallic samples the H2-TPR experiments
are performed. Generally, the peak temperature of the TPR
proﬁle speciﬁes combined the status of the active metal and
the support. For Ni-Co bimetallic catalyst systems, it is re-
ported in the literature that the complete reduction of these
catalysts usually involved two or more overlapped reduction
peaks due to the simultaneous reduction of Co3O4 and NiO
species. Fig. 5 shows the H2-TPR proﬁles of the Ni-Co bime-
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peaks for non-promoted and Sr promoted Ni–Co bimetallic
catalysts are not different considerably from each other in
comparison, however in the case of Sr promoted catalysts
these peaks are observed at lower temperatures. In fact the
detection of reduction peaks at low temperatures, in the case
of Sr promoted catalysts, is indicating that these catalysts have
a relatively higher reducibility feature than non-promoted cat-
alyst. Similar results were reported by Ma et al. (2006) for Na,
Sr, Ce and La promoted Ni/Al2O3 catalysts. Yu et al. (2012)
have found that addition of Sr promoter in the case of Co/
Al2O3 catalyst improved the reducibility of the catalyst and
shifted the reduction peaks of CoOx species at lower tempera-
tures due to weakening of the interaction of Co species with
alumina support. In our case for all Sr promoted and non-pro-
moted Ni-Co bimetallic catalysts, three prominent reduction
peaks are observed in temperature range of 290–450, 470–
700 and 710–900 C respectively. The ﬁrst peak is attributed
to the simultaneous reduction of Co3O4 and NiO species hav-
ing weak interaction with support while second peak is as-
signed for the reduction of NiCo2O4 and/or Co3O4 and NiO
species having intimate interaction with support. Moreover
the third peak could be assigned to the reduction of metal alu-
minate spinel species (such as NiAl2O4 and CoAl2O4) having
strong interaction with support.
4. Conclusion
The interaction of Ni and Co in the bimetallic catalysts pro-
vided higher activity and less carbon formation in comparison
to the studies conducted with Ni and Co monometallic cata-
lysts. Sr addition to Ni–Co/Al2O3 catalyst showed an im-
proved resistance to coke deposition while a slight decrease
in methane conversion was also observed. The high coke resis-
tance of the Sr promoted catalysts was credited to their im-
proved basicity. The minimum carbon formation and the
best stability were attained by using 0.75 wt% Sr promoted
Ni-Co bimetallic catalyst i.e., 5Ni5CoSr0.75.
References
Al-Fatish, S.A., 2010, Development of catalysts for dry reforming of
methane. Ph.D. dissertation. Dept. Chem. Eng. King Saud Univ.,
(KSA).
Baker, R.W., Lokhandwala, K., 2008. Natural gas processing with
membranes: an overview. Ind. Eng. Chem. Res. 47, 2109–2121.
Bradford, M.C.J., Vannice, M.A., 1999. CO2 reforming of CH4. Catal.
Rev. Sci. Eng. 41, 1–42.
Choudhary, V.R., Mamman, A.S., 1998. Simultaneous oxidative
conversion and CO2 or steam reforming of methane to syngas
over CoO-NiO-MgO catalyst. J. Chem. Technol. Biot. 73, 345–350.
Foo, S.Y., Cheng, C.K., Nguyen, T.H., Adesina, A.A., 2011. Syngas
production from CH4 dry reforming over Co–Ni/Al2O3 catalyst:
Coupled reaction-deactivation kinetic analysis and the effect of O2
co-feeding on H2:CO ratio. Int. J. Hydrogen Energy 36, 17019–
17026.
Frontera, P., Macario, A., Aloise, A., Crea, F., Antonucci, P.L., Nagy,
J.B., Frusteri, F., Giordano, G., 2012. Catalytic dry-reforming on
Ni–zeolite supported catalyst. Catal. Today 179, 52–60.
Hu, Y.H., Ruckenstein, E., 2002. Binary MgO-Based solid solution
catalyst for methane conversion to syngas. Catal. Rev. 44, 423–453.Hu, Y.H., Ruckenstein, E., 2004. Catalytic conversion of methane
to synthesis gas by partial oxidation and CO2 reforming. Adv.
Catal. 48, 297–345..
Jing, Q., Lou, H., Fei, J., Hou, Z., Zheng, X., 2004. Syngas production
from reforming of methane with CO2 and O2 over Ni/SrO–SiO2
catalysts in a ﬂuidized bed reactor. Int. J. Hydrogen Energy 29,
1245–1251.
Koh, A.C.W., Chen, L.W., Keeleong, W., Johnson, B.F.G., Khimyak,
T., Lin, J.Y., 2007. Hydrogen or synthesis gas production via the
partial oxidation of methane over supported nickel-cobalt cata-
lysts. Int. J. Hydrogen Energy 32, 725–730.
Koo, K.Y., Roh, H.S., Jung, U.H., Seo, D.J., Seo, Y.S., Yoon, W.L.,
2009. Combined H2O and CO2 reforming of CH4 over nano-sized
Ni/MgO-Al2O3 catalysts for synthesis gas production for gas to
liquid (GTL): Effect of Mg/Al mixed ratio on coke formation.
Catal. Today 146, 166–171.
Li, N., Luo, L.T., Ouyang, Y., 2005. Studies on properties of
nanosized ZrO2/Al2O3 composite support and Ni/ ZrO2/Al2O3
catalyst. Chin. J. Catal. 26, 775–779.
Ma, D., Mei, D., Li, X., Gong, M., Chen, Y., 2006. Partial oxidation
of methane to syngas over monolithic Ni/c-Al2O3 catalyst-effects of
rare earths and other basic promoters. J. Rare Earths 24, 451–455.
Rynkowski, J., Samulkiewicz, P., Ladavos, A.K., Pomonis, P.J., 2004.
Catalytic performance of reduced La2xSrxNiO4 perovskite-like
oxides for CO2 reforming of CH4. Appl. Catal. A 263, 1–9.
Ryu, J.H., Lee, K.Y., Kim, H.J., Yang, J.I., Jung, H., 2008. Promotion
of palladium-based catalysts on metal monolith for partial oxida-
tion of methane to syngas. Appl. Catal. B. 80, 306–312.
San-Jose´-Alonso, D., Illa´n-Go´mez, M.J., Roma´n-Martı´nez, M.C.,
2011. K and Sr promoted Co alumina supported catalysts for the
CO2 reforming of methane. Catal. Today 176, 187–190.
Serrano-Lotina, A., Martin, A.J., Folgado, M.A., Daza, L., 2012. Dry
reforming of methane to syngas over La-promoted hydrotalcite
clay-derived catalysts. Int J Hydrogen Energy 37, 12342–12350.
Sutthiumporn, K., Kawi, S., 2011. Promotional effect of alkaline earth
over Ni–La2O3 catalyst for CO2 reforming of CH4: Role of surface
oxygen species on H2 production and carbon suppression. Int. J.
Hydrogen Energy 36, 14435–14446.
Takanabe, K., Nagaoka, K., Nariai, K., Aika, K.I., 2005. Titania-
supported cobalt and nickel bimetallic catalysts for carbon dioxide
reforming of methane. J. Catal. 232, 268–275.
Vasileiadis, S., Ziaka-Vasileiadou, Z., 2004. Biomass reforming
process for integrated solid oxide-fuel cell power generation. Chem.
Eng. Sci. 59, 4853–4859.
Wang, N., Yu, X., Shen, K., Chu, W., Qian, W., 2013. Synthesis,
characterization and catalytic performance of MgO-coated Ni/
SBA-15 catalysts for methane dry reforming to syngas and
hydrogen. Int J Hydrogen Energy 23, 9718–9731.
Xiaohong, L.I., Jun, A.I., Wenying, L.I., Dongxiong, L.I., 2010. Ni-
Co bimetallic catalyst for CH4 reforming with CO2. Front. Chem.
Eng. China 4, 476–480.
Yu, C., Weng, W., Shu, Q., Meng, X., Zhang, B., Chen, X., Zhou, X.,
2011. Additive effects of alkaline-earth metals and nickel on the
performance of Co/c-Al2O3 in methane catalytic partial oxidation.
J. Nat. Gas Chem. 20, 135–139.
Yu, C., Zhou, X., Weng, W., Hu, J., Chen, X., Wei, L., 2012. Effects of
alkaline-earth strontium on the performance of Co/Al2O3 catalyst for
methane partial oxidation. J. Fuel Chem. Technol. 40, 1222–1229.
Zhang, J.G., Wang, H., Dalai, A.K., 2007. Development of stable
bimetallic catalysts for carbon dioxide reforming of methane. J.
Catal. 249, 300–310.
Zhang, J., Wang, H., Dalai, A.K., 2008. Effects of metal content on
activity and stability of Ni-Co bimetallic catalysts for CO2
reforming of CH4. Appl. Catal. 339, 121–129.
